Public reporting burden for this collection of infonnation is estimated to average 1 hour per response, induding the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing this collection of information. I. INTRODUCTION This postdoctoral fellowship grant (DAMD17-03-1-0657, entitled "Multiple Aperture Radiation Therapy for Breast Cancer") was awarded to the principal investigator (PI) for the period of Nov. 1, 2003-Oct. 31, 2005. This is the annual report for the first funding period (Nov. 1, 2003 -Oct. 31, 2004. The goal of this project is to develop a novel technique, Multiple Aperture Radiation Therapy (MART), as a candidate modality for treating breast cancer. The specific aims of this work are: (a) To demonstrate that MART can lead to substantially improved dose distribution over the conventional method, without increasing the complexity of the radiation treatment; (b) To show that the superior dose distributions of MART can be realized efficiently and accurately. Under the generous support from the U.S. Army Medical Research and Materiel Command (AMRMC), the PI has gained a tremendous amount of knowledge on breast cancer and breast cancer management over the last year. The support has also made it possible for the P1 to contribute significantly to breast cancer research. A number of conference abstracts and a refereed paper has been resulted from the support. In this report, the past year's research activities of the PI are summarized.
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II. RESEARCH AND ACCOMPLISHMENTS

11.1
Background Radiation therapy is accepted as an effective treatment modality in the management of both invasive and non-invasive breast cancer [I-4] . Conventional breast radiotherapy utilizes two opposed tangential photon beams with either uniform or wedged shaped fluence profiles. A certain volume of the ipsilateral lung and, in the case of the left breast, a small volume of the heart is inevitably included in the tangential field, resulting in high radiation dose to this part of the lung. and heart. For large sized breast, the technique is frequently incapable of producing homogeneous dose distribution in the target volume. Consequently, breast irradiation has been associated with a number of potential complications associated [5] [6] [7] [8] , including radiation induced pneumonitis, cardiac toxicity, rib fracture, arm edema, severe breast or chest wall fibrosis, and soft tissue or bone necrosis, and radiation induced secondary cancer. Adjuvant treatment with chemotherapy may further aggravate these effects.
Many approaches have been proposed to improve the current tangential-field treatment aiming at achieving more homogeneous dose distributions in the breast target volume and limiting radiation dose to normal structures to reduce cardiac and pulmonary toxicity. This includes the use of matched electron and photon beams to reduce dose to the underlying structures [9] , the combination of conventional electron field and intensity-modulated photon beams [10] , the irradiation using fan-beam and cone-beam intensitymodulated radiation therapy (IMRT) fields [11] [12] [13] [14] . Each of these methods has pros and cons. The challenge is how to enhance the dose conformality without increasing the complexity of the treatment planning and delivery procedures. We have used a commercial inverse planning system (Corvus, North American Scientific, Cranberry Township, PA) to plan a number of breast treatments. While the advantage of IMRT with opposed tangential fields (OTF) for breast cancer is clear, the clinical implementation of the technique in a busy clinical environment is problematic. Indeed, the current IMRT planning and treatment process deviates significantly from the conventional approach and requires additional steps in planning and quality assurance (QA). For instance, in current system requires for a physician to segment explicitly the target volume, which wastes the physician's time (our estimate is -20 minutes per patient) and increases the cost of health care. The inverse planning algorithm is not specially designed for breast planning and may not be the most efficient optimization scheme. In addition, the procedure of dosimetric verification of an arbitrarily shaped intensity-modulated beam is also not well established and the effort and quality of QA are also of great concern. In short, an effective method to plan and deliver IMRT breast treatment is highly desired in order for tens of thousands of breast cancer patients to benefit from the state-of-the-art technology.
The problems mentioned above can be solved naturally by MART approach. Generally speaking, there are two aspects in conformal radiation treatment planning: conformance of a certain dose to the target volume and the dose uniformity inside the target. For simple beam configurations (eg., OTF, AP/PA), the dose conformation to the target volume is usually realized through beam shaping based on the initial MLC segments. In this case, MART technique obtained by adding a few segments to the original incident beams is often a viable choice to improve the target dose uniformity. The dose conformance here is realized by the proper choice of the initial tangential fields. The main purpose of introducing additional segments is to improve the dose homogeneity inside the target volume and/or to spare the sensitive structure(s) located along the path of the beams. Toward the general goal of establishing MART for breast cancer irradiation, we have (i) developed a manual MART planning procedure and assessed the dosimetric improvement resulted from MART; (ii) evaluated the number of segment dependence of the MART plans; (iii) developed a software tool that concatenates multiple segments for step-and-shoot delivery; (iv) constructed a dosimetric phantom that is capable of simulating the patient's breathing motion; (v) improved current inverse planning framework by introducing a voxel dependent penalty scheme and demonstrated its superiority. The details are given below.
Manual MART planning
We have clinically implemented manual MART planning procedure at Stanford University Hospital and over hundred breast cancer patients have been treated using the new technique. Before the implementation, several related clinical issues, including the use different types of wedges (physical or dynamic), field width problem, incorporation of MLC transmission into the step-and-shoot delivery, and QA, were extensively investigated. Our study indicated that the MART markedly improves breast irradiation and provides superior dose distributions needed to reduce radiation side effects and complications. The technique is especially valuable for radiation treatment of large-breasted women, where it is difficult to achieve homogeneous target dose distribution. The study is summarized here.
The the patients' chest to indicate the medial and lateral borders of the palpable breast tissue and the location of the lumpectomy scar. The radiation-sensitive structures included the left and right lungs, the heart, and the contralateral breast. For the purpose of quantitative study, the contours of the skin, target volume and the sensitive structures were outlined using the segmentation tools provided by the virtual simulation workstation (AcQSimTM, Philips Medical System, Cleveland, OH). It is, however, not required to outline the structures in general MART treatment. The tangential fields were determined by the routine virtual simulation procedure performed on an AcQSim workstation. The fields may be adjusted at the stage of treatment planning according to the actual treatment objective for each patient with considerations concerning tumor bed coverage, in-field lung and cardiac volume, if left breast irradiation. Figure la shows an example of the OTF setup for the treatment of a left breast cancer patient. A flash region of 2 cm was used in the anterior field boarder to account for patients' respiration motion and setup uncertainty. Manual treatment planning was done with a 3D treatment planning system (FOCUSTM, Computerized Medical System, St. Louis, MO). For comparison, two plans were generated for each patient in the study. One was the standard OTF plan and the other one was the MART plan. Standard plan involved a medial and lateral tangential field with 6 or 15 MV photon energy. A wedge filter was used in the lateral direction. When a physical wedge was used, we avoided placing it in the medial field to reduce the scatter dose to the lung/heart and the contra-lateral breast. In this case, both fields were modulated with multiple segments. The segmented fields in the lateral direction were delivered concurrently with the physical wedge in place. All plans were obtained through manual trial-and-error process.
The MART planning started with a standard OTF plan. After this, we proceeded to introduce an additional MLC field segment to one or both beam directions to boost the "cold" region(s) under the guidance of dose distributions in the plane perpendicular to the incident beam direction. Figures I d-li show the three segments of the lateral and the medial fields for a MART treatment. The weights and MLC apertures of the segments were adjusted manually to achieve a uniform dose distribution. Our experience indicated that, for intermediately complex cases, it was often sufficient to introduce one or two additional segments to the original opposed tangential fields. For complex cases, two or three additional segments were frequently used. A segment with ipsilateral lung or heart blocked by MLC (the third segment in either medial or lateral MART field) was also helpful in reducing the dose to these structures.
The above procedure also applies to the dynamic wedge-based breast irradiation. A complication with dynamic wedge based MART arises from the interplay between the MLC leaf movement and the dynamic jaw motion when the two means of beam modulations are employed simultaneously. In reality, there are two ways to proceed. The first one is to plan the treatment using the above MART scheme and then deliver the segmented MLC fields and the dynamic wedge field separately. The major disadvantage of this approach is that it doubles the number of delivery fields and prolongs the treatment. To facilitate the treatment, we can restrict one of the incident beam to be modulated with only dynamic wedge and the other beam with only MLC-shaped segmented fields. This approach enabled us to take advantage of the MSRT treatment et avoidin the separated delivery of the dnamic wedge field and the multiple segmented fields. Figure 2 . Comparison of the isodose distributions of the treatment plans of the leftsided breast case using the tangential field technique (a), MART (b) . Target volume includes the whole breast and the internal mammary nodes. Isodose levels are shown at 110%, 100%, 90%, 70%, 50%, 30%, and 10%.
In Table 1 we summarize the treatment plans obtained using the standard OTF technique and MART. Minimum, maximum, and mean doses in the breast target volume and critical structures are given for each treatment plan. For these cases, the prescribed dose was specified to a point -3 cm anterior to the isocenter and it was desired that the 100% isodose curve to cover the breast target volume. For comparison, we have scaled the prescription dose of all treatment plans to 5,040 cGy. The hot spots of the standard OTF plans in 6 the breast volume ranged from 109% to 118% when normalized to the prescription dose. These plans represented typical clinical cases that fell into the category of intermediately complicated or complicated cases. The isodose distributions in the central transverse section and in a plane perpendicular to the incident beams for the standard OTF and MART treatments are plotted in figure 2 . It is seen that the dose inhomogeneity in the target volume was significantly reduced with MART, as well as reduction in the high dose to the ipsilateral lung and heart when compared with the OTF plan. The target maximum dose was reduced from 118% to 112% for the MART plan. Furthermore, the target volume receiving high dose irradiation was significantly reduced. In order to include the medial breast tissue into the radiation field, -10% of the heart volume and the left lung were included in the tangential fields. As thus, a significant fraction of the heart and lung receives high radiation dose in standard OTF plan. The high doses to the heart was reduced by almost 6% using MART technique as a result of adding one additional segment in each incident beam (figures If and I i), together with -5% improvement in the maximum target dose in the target volume. The heart volume and ipsilateral lung volumes receiving high dose irradiation were also markedly reduced for MART treatment. The MLC movement trajectories (or leaf sequences) were known upon the completion of MART plan and there was no need for a leaf sequencing algorithm to convert an optimal fluence map into MLC sequences. The static MLC file of each segment was exported as an ASCII file from the FOCUS treatment planning system. For each gantry angle, the segmented fields were stacked together to form a step-andshoot delivery using a simple software tool, developed in-house, which reads in each individual MLC segment and exports the step-and-shoot delivery file according to the MLC manufacturer's specifications of the file structure. In addition, a step-and-shoot delivery file for portal verification was also generated. The step-and-shoot files must have correct CRC (computer redundancy check) code attached at the end of the file in order to be executable by the MLC workstation.
11.3 Improve IMRT/MART dose distribution by using spatially non-uniform importance factors
We are developing an effective aperture based optimization algorithm for breast irradiation. In current inverse planning algorithms it is common to treat all voxels within a target or sensitive structure equally and use structure specific prescriptions and weighting factors as system parameters. In reality, the voxels within a structure are not identical in complying with their dosiemtric goals and there exists strong intra-structural competition in these voxels. Inverse planning objective function should not only balance the competing objectives of different structures but also that of the individual voxels within various structures. We have proposed an approach to improve IMRT treatment plan by purposely modulating the penalty on individual voxel level based on the a priori dosimetric capability information of the dose optimization system. We quantify the degree for a voxel to achieve its dosimetric goal by introducing the concept of dosimetric capability for each voxel in a target or sensitive structure and describe a Cimmino algorithm for numerically computing the capability distribution on a case specific basis. The capability of a voxel represents a priori dosimetric knowledge of the system and is useful to construct an objective function with customized nonuniform importance factors. A general inverse planning framework with customized non-uniform importance factors has been established. It has been shown that the incorporation of the capability information permits us to construct physically and clinically more meaningful objective function and greatly enlarge the universe of solution space, leading to significantly improved MART/IMRT treatment plans that would otherwise unattainable. Figure 3 shows a comparison of MART/IMRT phantom plans obtained with and without using spatially non-uniform penalty and it is seen that, by purposely modulating the spatial penalty, the dose to the sensitive structure is remarkably reduced by almost -18% (normalized to the maximum sensitive structure dose) everywhere. In this case, the dose everywhere within the sensitive structure was reduced by -17%. Clinically, this also implies that the target dose may be escalated by -10% while keeping the toxicity at the level achievable by current IMRT planning technique. Considering the improvement was accomplished purely from a more physical modeling of the system, the result is quite striking. Our results reveal that the MART/IMRT plans obtained using structurally uniform importance factors (current practice) are, at best, sub-optimal and there is an urgent need for a systematic approach to deriving the patient specific local importance distribution to improve the current inverse planning techniques. The underlying principle here is to adjust the local importance to effectively "boost" those regions where there are problems in meeting their dosimetric goals. This work has recently been submitted to Physics in Medicine and Biology for consideration of publication. The new penalty scheme is being implemented in our MART optimization development [15] . S Tapt~e Fig. 3 IMRT plans for a hypothetical test case: (left) uniform importance (conventional scheme); (middle) non-uniform importance for both target and sensitive structure. Half-moon shaped white structure is the target and the circular while structure close to target is the sensitive structure to spare. Red, pink, yellow, and blue curves represent 95%, 80%, 50%, and 35% isodose curves. A comparison of DVHs is shown in the right panel. The dashed and solid curves correspond to the IMRT plans with uniform and non-uniform importance distributions, respectively.
III. KEY RESEARCH ACCOMPLISHMENTS 0
Developed a manual MART planning procedure and assessed the dosimetric improvement resulted from MART. * Demonstrated the advantage of MART over conventional OTF plans; * Clinically implemented MART treatment technique and over hundred breast cancer patients have been treated using the new technique. * Developed a software tool that concatenates multiple segments for step-and-shoot delivery with incorporation of MLC transmission and head scatter into MLC leaf sequencing process, which makes it possible to accurate deliver the optimal treatment plans.
S )
"* Constructed a dosimetric phantom that is capable of simulating the patient's breathing motion. The dosimetric influence of the breathing motion is being carried out using the phantom. "* Improved current inverse planning framework by introducing a voxel dependent penalty scheme and demonstrated its superiority.
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V. CONCLUSIONS
Despite the well-appreciated fact that intensity-modulation could lead to significantly improved dose distributions in breast irradiation, its clinical implementation has been hindered by the deficiencies in the current inverse planning system and by the lack of a comprehensive treatment procedure. This is evidenced by the fact that very few institutions are using IMRT routinely for breast cancer treatment. A clinical challenge in IMRT breast treatment is how to modulate breast irradiation without increasing the treatment complexity. In this work, the utility of MART for breast irradiation has been evaluated. Two different delivery schemes with physical wedge or dynamic wedge have been discussed to meet the requirements of different clinical environments. It was found that, with the use of MART technique, high doses to the ipsilateral lung and, in the case of the left-breast cancer patient, the heart were reduced and the dosePurpose: In this work we propose an approach to quantify the a priori dosimetric capability for a spatial point to meet its dosimetric goal in dose optimization system and show its significant role in improving IMRT treatment plans.
Methods and Materials: We quantify the degree for a voxel to achieve its dosimetric goal by introducing the concept of dosimetric capability for each voxel in a target or sensitive structure, and describe a Cimmino algorithm for numerically computing the capability distribution on a case specific basis. The capability of a voxel represents the a priori dosimetric knowledge of the system and is useful in constructing an objective function with customized non-uniform importance factors.
Generally speaking, the final optimal dose distribution depends not only on the prescription and the values of the structure specific importance factors, but also on the dosimetric capability distribution in an implicit fashion. In some extreme cases, a region in a target may never meet the prescribed dose without seriously deteriorating the doses in other areas. Conversely, the prescription in a region may be easily met without violating the tolerance of any sensitive structure. The intra-organ tradeoff was modulated purposely using a heuristic model with consideration of the heterogeneity of the dosimetric capability of the system. The formalism is applied to a few specific examples to illustrate the technical details of the new inverse planning technique.
Results: The dosimetric capability of a voxel has been proved to be a useful measure of the relative ease for a point in the target or sensitive structure to achieve its dosimetric goal. An inverse planning framework with customized non-uniform importance factors has been established. It has been shown that the incorporation of the capability information permits us to construct a physically and clinically more meaningful objective function and greatly enlarge the solution space. The modulation of the spatial penalty distribution has been shown to be advantageous over the conventional inverse planning technique with structurally uniform importance factors, leading to significantly improved IMRT treatment plans that would otherwise be unattainable.
Conclusion: Knowing the a priori capability distribution of the system sheds new insight into the inverse planning problem and allows us to better interpret a patient's IMRT dose distribution. The tacit assumption in current inverse planning that all points within a structure are equivalent represents only one of numerous penalty schemes (generally, not an optimal one) and IMRT dose optimization can be improved by incorporating the a priori dosimetric capability information.
Key Words: IMRT, inverse planning, dose optimization, treatment planning, prior knowledge.
INTRODUCTION
The inverse planning method is usually used to obtain IMRT treatment plans. A tacit assumption made in current inverse planning algorithms is that all points within a structure are equivalent. In these algorithms, the dose prescription, weighting factors and dose-volume constraints are generally imposed a priori on a structure specific basis without clearly knowing their consequences on the final solution. (Bortfeld et al 1990 , Brahme et al 1982 , Cho et al 1998 , Gopa and Starkschall 2001 , Holes and Mackie 1994 , Langer and Leong 1987 , Spirou and Chui 1998 , Webb 1991 , Zagars et al 2002 .
Even in the recently proposed EUD-based inverse planning scheme (Wu et al, 2002 , Thieke et al 2003 , Lian and Xing 2004 , this remains unchanged since no voxel-dependent information is involved in specifying an EUD prescription and the parameter n, which plays the role of weighting factor as in the conventional dose optimization scheme. In reality, voxels within a structure are generally not equivalent in achieving their dosimetric goals. The level of ease for a point to meet its dosimetric goal depends not only on the importance factor of the structure and the deviation of the dose at the point from the prescribed value, but also the spatial location of the point relative to the beams and patient geometry because of the intrinsic spatial heterogeneity of the system (Cotrutz and Xing 2002 , Wu et al 2003 . To conceive this, it may be useful to imagine a simple situation where a beam incidents perpendicularly into a cubic phantom. In this particular case, the desire of uniformly irradiating the points inside the beam is clearly unrealizable and a prescription dose can only be met at one depth. In general, depending on the patient's geometry, beam modality and field configuration, some regions in a patient may have better chance to meet the prescription than others, and vice versa.
This type of information represents a priori knowledge of a given system and the inclusion of the knowledge should facilitate the search for a truly optimal solution in IMRT plan optimization.
The purpose of this work is to establish a general framework for incorporating a priori voxeldependent capability information into inverse planning and to demonstrate the utility of the new formalism. To this end, we will introduce the concept of dosimetric capability for an arbitrary voxel in a target or sensitive structure and use it to quantify the level of ease for the voxel to meet the specified dose. A voxel dependent penalty scheme, in which the penalty at a voxel depends not only on the dose deviation from the prescription but also on the physical limitation at the point, is then constructed by lifting the restriction of uniform importance factors for the involved structures. Ideally, one can treat these voxel-dependent importance factors as part of the system parameters and optimize them along with the beamlet weights (Chen et al 2002 , Wu and Zhu 2001 , Xing et al 1999 . While this does not pose any conceptual challenge, the search space becomes enormous due to the coupling between beamlet weights and the local importance, and the vast amount of computing time required for this type of calculation renders it impractical for clinical or even research application. The heuristic approach developed in this work allows us to circumvent the problem to effectively estimate the local importance factor distribution based on the capability calculation. It seems that the technique captures the main feature of the modeling of intra-organ tradeoff and thus is capable of generating superior IMRT treatment plans. Application of the new technique to a few cases suggests that the dose distributions obtained with conventional inverse planning algorithm based on structurally uniform importance factors are at best sub-optimal and can be significantly improved with the help of the proposed non-uniform penalty scheme.
METHODS AND MATERIALS
Theoretical background
The three dimensional patient volume is divided into a grid of N total voxels for dose Given a prescription, the task of inverse treatment planning is to derive the optimal beam profiles (or the weights of all beamlets) that produce a conformal dose distribution as close as possible to the prescription. The search for the optimal solution is guided by an objective function, which is a measure of the goodness of a physically realizable solution. To be specific, in this work we use a generalized quadratic objective function defined by
Gn,=1 N,, where r, and r, parameterize the inter-structural and intra-structural tradeoffs, respectively, andNois the total number of voxels in the a-th structure. Dc(no)is the actual dose delivered to voxel nandD•e the prescribed dose. For a sensitive structure, we set DP' = 0 so that the doses to the normal tissue voxels are continuously decreased when there is room for improvement, instead of being "forced" to receive the tolerance dose. The objective function as defined in (2) and often leads to a sub-optimal plan. To give a comprehensive example, one can imagine the consequence when two or more structures in a system are restricted to take a single importance value. The penalty function defined in Eq. (2) provides a natural way to formalize a voxel dependent penalty scheme and allows us to access more candidate plans. The local or voxel dependent importance factor has been used previously to manually "tweak" the regional doses upon completion of a conventional dose optimization (Cotrutz and Xing 2002 , Wu et al 2003 . It will be seen later that the determination of { rn, } distribution can be facilitated by the use of a priori dosimetric capability information of the system.
Definition of dosimetric capability
The likelihood for a voxel to meet its dosimetric goal can be quantified by introducing the concept of dosimetric capability. For illustration purposes let us first assume that there is only one incident beam. For a target voxel, the capability is assessed by the degree to which the voxel meets the prescription without violating the tolerance of the sensitive structure. The maximum achievable dose, Dach (n,), at the voxel n, in the target is determined by scaling the intensity of the contributing beamlet to the highest value set by the tolerance of the sensitive structure. Mathematically, the "capability", il, is defined as Dach(n,)
DPre
The evaluation of Eq. (3) is straightforward for the case of a single incident beam or when there is no overlap of beamlets at the dose limiting voxel in the sensitive structure. For multi-field IMRT, the Dach(n,) is determined not only by those beamlets that directly intercept the voxel n, but possibly other beamlets irradiating different parts of the target. The coupled system can be described by a set of linear equations (which can be easily written down from Eq. (1) and the above definition of the maximum achievable dose). The Dach (n,) of a target voxel will be obtained by optimizing the linear system, under the condition that the total dose at an arbitrary sensitive structure voxel is equal to its tolerance dose. The beam profiles so obtained deliver the maximum dose to the target without violating the tolerances of the sensitive structures. Mathematically, the system equations are underdetermined and a Cimmino algorithm can be used to find the solution Starkschall and Eifel
1992, Xiao et al 2000). The calculation consists of the following steps: (i)
Assign all beamlets with high enough initial intensities (say, two or three times the intensity values that deliver the prescribed dose the to the target);
(ii) Compute the dose distribution using Eq. (1) (iv) Repeat from (ii) until the doses in sensitive structures are equal to their tolerances.
The above beamlet-by-beamlet updating scheme is similar to the simultaneous iterative inverse planning technique (SIITP) (Xing and Chen 1996) . However, the goal here is not to find the optimal IMRT solution, but, instead, to search for the beam profiles that deliver the highest achievable doses in the target, D ch (n), without violating the dose tolerance of the involved sensitive structures (in other words, any increase in the beamlet weights would lead to a dose exceeding the tolerance in one or multiple points inside a sensitive structure). Mathematically, the algorithm falls into the realm of the Cimmino feasibility algorithm, which is an iterative projection 
where p -ifDD(nk)) ifD(n,)> Dt and n, Esensitive structures _ rorno Zn, =-N which is the product of the structural and intra-structural weighing factors. The relaxation parameter X is generally set to a small value (0.02 < X < 0.1 ) to ensure a smooth updating of the beamlet weights. We found that these modifications resulted in an improved convergence. The merit of the updating scheme can be evaluated at each iteration step by a proximity function constructed from the weighted sum of squares of dose deviations of the voxels violating the dose limit constraints 18 rorn The calculation described above can be similarly done for sensitive structures. The dosimetric capability of a voxel in a sensitive structure is characterized by the minimum achievable dose at the voxel needed in order to administer the prescribed dose to the target voxels. For consistency, we denote the minimum achievable dose by D ch (n,,) (where nrepresents a voxel in the sensitive structure) and quantify the dosimetric capability of the voxel according to
For a voxel in a sensitive structure, the lower the minimum achievable dose, the more "capable" the voxel is. The evaluation of Eq. (6) is once again straightforward for the case with a single incident beam. To obtain the minimum achievable dose, one can first set the corresponding beamlet to such an intensity that the prescribed dose is delivered to the target voxels, and then evaluate the dose, Dach(no) , at n, in the sensitive structure. To obtain the capability map when there are multiple incident beams, a set of linear equations (which can be easily written down from Eq. (1) and the above definition of the minimum achievable dose) need to be solved under the condition that the target voxels receive their prescription doses. Similar to the target case, the system equations become undertermined when there are multiple incident beams and a Cimmino algorithm is used to find the beam profiles that yield the lowest achievable dose in the sensitive structures. For convenience, the calculation procedure for a sensitive structure voxel is outlined as follows.
(i) Assign all beamlets with low enough initial intensities so that doses delivered to the target voxels are less than the prescription;
(ii) Compute the dose distribution using Eq. (1) (iv) Repeat from (ii) until the doses in target voxels meet the prescription.
We update the beamlet weights as follows
where _D~ro-D k (no))
The corresponding proximity function now becomes F= ,
We emphasize that the beam profiles obtained above are not intended to approximate the optimal fluence profiles for IMRT treatment. Instead, they are obtained purely for the purpose of evaluating the dosimetric capabilities of voxels in a target or a sensitive structure. Once the capability maps are obtained, they can be incorporated into an inverse planning procedure to yield clinically more advantageous plans. This is the subject of the following section.
Incorporating dosimetric capability into inverse planning
In conventional IMRT inverse planning, a uniform importance factor is usually assigned to each involved structure (Cho et al 1998 , Holmes and Mackie 1994 , Oelfke and Bortfeld 1999 , Olivera et al 1998 , which seriously limits the solution space. To give a comprehensive example, one can imagine the consequence when two or more structures in a system are restricted to take a single importance. To be able to assess more candidate plans, it is necessary to establish a voxel dependent penalty scheme in which the penalty at a voxel depends not only on the dose deviation from the prescription but also on the physical and clinical requirements at the point. A natural way to achieve this is to lift the restriction of uniform importance for a structure so that the importance at a voxel can be adjusted independently. The commonly used penalty scheme with uniform importance factor is simply a special case of the general penalty scheme. While conceptually being acceptable, a practical question is how to determine the optimal importance distribution within a structure. In the following, we heuristically relate the local importance to the capability derived earlier and use this relation as a means to obtain an adequate importance factor distribution.
The capability distribution contains information about the intrinsic heterogeneity of the dosimetric capability and reveals which points are likely to violate/conform the prescription. The data can be used to heuristically estimate the local importance distribution. While it is not difficult to intuitively conceive the general behavior of the relation between local importance and the capability, its specific form is a matter of experimenting. The relation between the local importance and the capability used in our study is f(n o) = (I + g(n,,) )r,,,
where a is a positive constant and g(no,) is empirically defined as (i(n 1) n-, n= target and 11(nG)Ž1 g(n) =(10) Srm~ (l(nn) -1) n, E target or sensitive structure and TI(n) <1
The capability map and the corresponding 1jx or .rminis obtained for each structure. In Eq. (10), we typically choose a = 2 and r.ax = 3. For a sensitive structure, if 0(n0) > 1, it means that the voxel has no difficulty meeting its dosimetric goal and g(n,) is set to zero. The basic strategy is to assign a higher penalty (or high importance) to those voxels with lower capabilities (those voxels are likely to have a dose lower than the prescription if they are in the target volume, or higher than the tolerance if they are located in a sensitive structure). The differential penalty scheme allows the system to suppress potential hot spots in the sensitive structures and boost the potential cold spots in the target volume so that a more uniform dose distribution can be achieved in the target while sparing more sensitive structures, possibly leading to a solution that is more consistent with our clinical expectation.
Implementation
We implemented a software module to optimize the objective function (5) The final IMRT plan was obtained in a similar manner as in conventional inverse planning except that the uniform importance for the involved structures are replaced by the non-uniform importance distributions given by Eqs. (9) and (10). The ray-by-ray iterative algorithm (SIITP) reported earlier [3] was employed to obtain the optimal beam intensity profiles. The calculation was performed on a PC with P4 1.7GHz and 1024MB RAM.
Test of the new dose optimization formalism
To better understand the physics behind the capability calculation, we first constructed a hypothetical surrogate case ( figure 1 ) and studied the behavior of the system using a single beam and five incident beams. The gantry angle used for target irradiation in the single beam case was S p 3200, and in the five-beam case the angles used were 320, 104', 176%, 2480 and 320', where IEC convention for gantry angle is used. The incident photon energy was 15 MV. In both cases, the target was prescribed to 100 (arbitrary unit) and the sensitive structure tolerance was set to be 25.
An IMRT treatment was also planned with the same five-beam configuration but structurally uniform importance factors and the result was compared with the newly obtained plan.
The new algorithm was also applied to two clinical cases: a prostate case and a paraspinal tumor treatment. To illustrate the advantage of the technique, the results were compared with those obtained using the conventional inverse planning with uniform importance factors. For the prostate IMRT case, six equally spaced beams starting from zero degrees were used. Some relevant parameters used for planning the patient are summarized in Table I . As in conventional inverse planning, the structure specific importance factors, {r,}, were determined by trial-and-error. To assess the new technique, we planned the case using three different strategies: (i) uniform importance for the prostate target and the sensitive structures; (ii) dosimetric capability-based nonuniform importance for the prostate target and uniform importance for all sensitive structures; and (iii) dosimetric capability-based non-uniform importance for both prostate target and the sensitive structures. The three plans were compared using DVHs and isodose distribution plots.
In the paraspinal case, the sensitive structures involved include the spinal cord, liver and kidney. In this study, five 15 MV non-equally spaced coplanar beams (40', 110', 180', 255', and 3250) were used for the treatment. The structure specific importance factors and prescription/tolerances are summarized in Table 2 . IMRT plans with and without importance factor modulation were obtained and quantitative comparison was performed.
RESULTS AND DISCUSSIONS
A hypothetical test case
The capability and importance distributions for both single beam and five-beam configurations are plotted in figure 1 . The iso-capability and iso-importance curves are normalized to unity. For the single beam calculation (figure la), it is seen from the capability map (left panel)
that the target region in the middle of the incident beam has lower dosimetric capability due to the restriction of the tolerance of the sensitive structure. For the points on both sides of the central target region, the dosimetric capabilities are much higher because of the absence of sensitive structure "blocking". The capability distribution within the sensitive structure can also be intuitively interpreted. For the voxels distant from the target volume, the capability is relatively high, indicating that these voxels are less dose-limiting points in comparison with the voxels close to the target. For the single beam case, the importance map (right panel of figure la) is almost an inversion of the capability map.
Figure lb shows the capability and importance distributions when five incident beams are used to irradiate the target. The calculation is fairly efficient: it took less than 6 minutes for the system to obtain the capability and importance maps. In this case, the low capability region in the middle of the target shown in figure 1 a disappears and only a few isolated low capability spots show up near the edge of the target. On the other hand, the overall behavior of the capability map in the sensitive structure is not changed dramatically. The dosimetric capabilities for those points close to the target remain relatively low, which is consistent with our intuition since, relatively speaking, these points are more dose-limiting compared to the points far away from the target. The results also suggest that the boundary region between the two structures is likely to be underdosed (for target) or overdosed (for sensitive structure). In order to improve this, a non-uniform penalty scheme derived a priori or a posteriori becomes necessary. The technique described in this paper represents an example of the a priori method, whereas an adaptive adjustment of the local importance factor distribution would be an example of the latter. In general, the importance distribution is not a simple inversion of the capability map and depends also on the absolute values of the capabilities, as suggested by Eqs. (9) and (10). This is especially true for the target, in which we need not only to "boost" the potential cold region(s) but also to "suppress" the potential hot spot(s). The high importance in the left-middle region of the target (see the right panel of figure lb) is a direct consequence of the stated requirement. Indeed, a careful examination of the target capability data indicated that, the region has high dosimetric capability and is thus likely to be overdosed. The assignment of higher local importance according to Eq. (9) permits us to suppress the potential overdosing a priori.
In figure 2 we show the IMRT plans obtained without and with modulating the spatial importance distribution. The left panel is the conventional IMRT plan with uniform importance factors assigned to both target and sensitive structure. The right panel shows the plan obtained with spatially non-uniform importance distribution plotted in right panel of figure lb. It is clearly seen that the isodose curves in the sensitive structure are "pushed" toward the target and the dose gradient at the tumor boundary is greatly increased. The significant improvement can also be seen in the DVH plot ( figure 3 ). It is remarkable that, by simply modulating the spatial importance distribution, an almost uniform reduction of -20% (normalized to the maximum sensitive structure dose) in the dose to the sensitive structure can be accomplished. If the dose to the non-sensitive structure normal tissue is not a limiting factor, the above result suggests that the target dose can be escalated by -10% while keeping the radiation toxicity at the current IMRT level.
Six-field IMRT prostate treatment
The IMRT plans obtained using three different penalty schemes are summarized in figures 4 and 5. The isodose distributions for the three penalty schemes are shown in figure 4 . In figure 5 , we compare the DVHs obtained using conventional inverse planning (dotted curves--obtained using uniform importance for the prostate target and the sensitive structures) and the new technique with non-uniform importance in both target and sensitive structures (solid curves). The DVHs of the plan with non-uniform importance to the prostate target and uniform importance to the sensitive structure are shown in dash-dotted curves. The importance factors for both target and sensitive structures were constructed based on the computed capability maps using the procedure described in the Method section. It is seen from figure 4 that the dose sparing of the rectum and bladder is significantly improved when the non-uniform penalty scheme is employed. Remarkably, the maximum dose to the rectum is reduced from 68 to 60 and the fractional volume is dramatically reduced in the whole dose range. The reduction in the low dose region is more distinct, but the decrease in high dose region is also evident and perhaps more clinically relevant. Similarly significant improvements are achieved in the doses to bladder and femoral heads. For example, the fraction volume receiving a dose of 35 is decreased from 11% to 8% for bladder. The high dose tail in bladder is also evidently suppressed (from 70 to 66). Interestingly, the dose uniformity in the prostate target is also improved: the maximum dose of prostate target is slightly reduced from 110 to 107 and the minimum dose is increased from 85 to 87. In optimization, it is generally true that there is no net gain (that is, an improvement in the dose to a structure is often accompanied by dosimetrically adverse effect(s) at other points in the same or different structures). However, one should note that things may be different when different penalty schemes are used, or more generally, when different objective functions are used. The simultaneous improvements in both 13 target and sensitive structures here are a direct consequence of the enlarged solution space when non-uniform importance is permissible.
To better understand the technique, we have also optimized the dose under the condition that the non-uniform importance is allowed only for the prostate target (i.e., the importance for all sensitive structures kept uniform). The corresponding isodose distribution is shown in figure 4b and the DVHs are plotted in figure 5 as dotted-dash curves. In this case, it is found that the target dose homogeneity is slightly improved. For example, the fraction receiving over 95 is increased from 91 to 96. The maximum dose is reduced from 110 to 105. By individualizing the importance for the target voxels, we selectively increased the penalties to those voxels that are likely to be underdosed.
Consequently, the target dose coverage is improved. It is interesting to note that there is essentially no change in the DVHs of the sensitive structures. The systematic improvement in the isodose distributions when the three different penalty schemes are employed can also be easily appreciated from figure 4.
Five-field IMRT treatment of a paraspinal tumor
The DVHs obtained using the conventional and newly proposed IMRT planning techniques are plotted in Figure 6 . The isodose distributions for the two plans are shown in figure 7 . Similar to the previous case, when spatially non-uniform importance factors given by Eq. (9) are used, the target dose coverage and sensitive structure sparing are all improved in comparison with the conventional IMRT plan with uniform importance factors. For the target, the improvement is evident especially in the dose range from 90 to 95. The fractional volume receiving dose level of 90 is slightly increased (from 99.3% to 99.7%). A more notable change is found for the fractional volume receiving doses higher than 95 (from 95.1% to 97.5%). The minimum target dose is increased from 84 to 90. The maximum target dose is, however, slightly increased from 105 to 106.5. By using the a priori non-uniform penalty scheme, it is found that the doses to the sensitive structures are dramatically improved. As seen from the DVHs, the spinal cord is better spared, especially in the high dose region. For example, the fractional volume of receiving dose above 50 is dropped from 53% to 24%. The fractional volumes of left kidneys receiving a dose above 30 are reduced from 42% to 19% and for the right kidney, the reduction is about 7% (from 17.7% to 10.7%). The improvement for the liver is less impressive but evident. Once again, we would like to emphasize that the huge improvement in sensitive structure sparing is achieved without significantly deteriorating the dose coverage of the tumor target.
CONCLUSIONS
Inverse planning plays an important role in IMRT and its performance crucially determines the quality of IMRT treatment plans. In this work, we pointed out that voxels within a structure are generally not equivalent in achieving their dosimetric goals and this intrinsic feature should be considered in inverse planning. The concept of dosimetric capability was introduced to quantify the likelihood for a voxel to meet its dosimetric goal and a new inverse planning formalism with customized voxel-dependent penalty was developed. The modulation of local penalty was realized by heuristically relating the local importance factor and the a priori dosimetric capability. In this way, we can effectively "boost" those regions where there are potential problems in meeting the dosimetric goals. We would like to mention that using non-uniform importance is not the only way to accomplish a voxel-dependent penalty scheme. Similar effects should also be achievable by modulating the form of the objective function or the prescription value on a voxel-dependent basis.
The new formalism provides an effective mechanism to incorporate prior knowledge of the system into the dose optimization process and enables us to better model the intra-structural tradeoff and maneuver the inverse planning process. Comparison of the new formalism with the conventional inverse planning technique for a phantom case and two clinical cases indicated that the algorithm is capable of generating much improved treatment plans with more conformal dose distributions that would otherwise be unattainable. While in this work we have concentrated on the use of a quadratic objective function, the approach proposed here is quite broad and should be applicable for plan optimization based on other types of objective functions to more intelligently model the intrastructural tradeoff. The dosimetric inequivalence of the voxels is a fundamental feature of the system and, regardless the model used, needs to be considered to obtain truly optimal IMRT plans.
Finally, we mention that the technique may have many co-lateral applications in dose optimization for many other radiation therapy modalities, such as prostate implantation, gamma knife, micro-MLC based stereotactic radiosurgery, and other variants of IMRT, such as tomotherapy and intensity modulated arc therapy. Table 2 . Summary of the parameters used for planning the IMRT treatment of the paraspinal tumor. The tolerances of the involved sensitive structures are used in the evaluation of the capability maps. (a)
28
